The performance of several previously designed model series of test analytes has been tested to characterize in an objective, quantitative manner modern stationary phases for reversed-phase high-performance liquid chromatography (RP-HPLC) using quantitative structure-retention relationships (QSRRs). Three QSRR approaches and three respective series of test analytes recommended for studies of the molecular mechanism of chromatographic retention are employed: the reduced linear solvation energy relationship (LSER)-based model of Abraham, a model employing structural descriptors from molecular modeling, and a model relating retention to the n-octanol-water partition coefficient log P. All of the models and test analytes proposed provide reliable QSRR equations. Those equations discriminate in quantitative terms individual columns and chromatographic systems and can be interpreted in straightforward rational chemical categories. In view of QSRRs, the differences in the intermolecular interactions between a given stationary phase and a structurally defined analyte rationalize the observed differences in retention. The QSRR models (previously derived retrospectively) are demonstrated to work well on new sets of RP-HPLC data. At the same time, it has been confirmed that the three test series of analytes have properly been designed and can be recommended for comparative studies of analytical columns. QSRRs once derived on a given column for model analytes can be used to predict the retention of other analytes of a defined structure. That in turn can facilitate the procedure of the rational optimization of chromatographic separations.
Introduction
Quantitative structure-retention relationships (QSRRs) are one of the most extensively studied manifestations of linear free-energy relationships (LFERs). QSRRs are the statistically derived relationships between the chromatographic parameters determined for a representative series of analytes in a given separation system and the quantities (descriptors) accounting for structural differences among the analytes tested (1) .
Among the several areas of application of QSRRs (2), a wide interest from analytical chemists has recently developed in the studies on the molecular mechanism of separation operating in individual chromatographic systems both in highperformance liquid chromatography (HPLC) (3, 4) and gas chromatography (GC) (5) . The QSRR approach has allowed for the rationalization of differences in analyte retention on various stationary phases in terms of intermolecular interactions of a particular class involving the analyte, the stationary phase (zone), and the eluent.
The wide variety of the presently available reversed phase (RP)-HPLC phases differ in the ligand type of support material and the way in which the ligands are immobilized on the matrix. However, the polar and ionic properties of such support materials (such as silica or alumina) are responsible for secondary intermolecular interactions that often determine the unique character of an RP-HPLC phase (6) . Numerous stationary phases for HPLC have nominally been identical, suggesting that they show similar chromatographic properties. However, as pointed out more recently by Sandi et al. (7) , Barrett et al. (8) , Cruz et al. (9) , and Carr et al. (10) , despite the widespread application of both analytical and preparative RP-HPLC, the underlying principles and molecular mechanism of retention are still subjects of a long-standing study and debate.
The active role in the retention of the stationary phase has long been acknowledged (11) (12) (13) (14) (15) . The bonded phase is a complicated heterogeneous medium in which chemical composition and configuration vary with the mobile phase composition, the nature of the support, the bonding density of the ligand, and the alkyl ligand chain length (12, (16) (17) (18) .
Quantitative comparisons of stationary phases are difficult because there are no unequivocal quantitative tests (6) . Best suited for that purpose might be the analysis of QSRRs. Tan et al. (19) and Abraham et al. (20) found in their QSRR studies that the relative importance of analyte structural descriptors in QSRR equations describing retention does not differ signifi-cantly among various hydrocarbon silica stationary phases. However, the QSRRs reported in literature have been derived for different sets of test analytes. In such a situation it appeared advisable to design a model series of test analytes that could next be recommended for individual types of QSRR analysis aimed at an explanation of the mechanism of separation operating in a given chromatographic system. Recently, we succeeded in identifying such a model series of test analytes for QSRR studies of stationary phases (21) .
Three QSRR models have recently been recommended for studies of the molecular mechanism of HPLC retention: the reduced linear solvation energy relationship (LSER)-based model of Abraham, a model employing structural descriptors of analytes from molecular modeling, and a model correlating retention to an n-octanol-water partition coefficient (21) . All of these models have been demonstrated to provide QSRR equations that are directly interpretable in rational chemical terms and discriminate quantitatively individual chromatographic systems. In view of QSRR analysis, the retention processes clearly emerged as the net effects of fundamental intermolecular interactions involving the analyte and components of the chromatographic system.
The LSER model of QSRRs originated from the solvatochromic comparison method introduced in 1976 by M.J. Kamlet, R.W. Taft, and their co-workers (22) (23) (24) (25) . Abraham (26) has proposed the following LSER-based approach to chromatographic data: log k = log k 0 + rR 2 denotes the sum of the hydrogen-bond basicity of the analyte. The coefficients log k 0 , r, v, s, a, and b denote respective bulk stationary and mobile phase properties. Abraham and co-workers (28, 29) applied equation 1 extensively. The approach was introduced to chromatography in order to study the molecular mechanism of retention and characterize RP-HPLC columns. A series of papers and review articles by other authors followed. However, most of the researchers report equations that comprised of only the V x (or R 2 ), Σβ 2 H , and (less frequently) Σα 2 H terms of equation 1 as statistically significant. Also, the π 2 H descriptor has been reported occasionally as being significant for specific analytes and chromatographic systems (7, (30) (31) (32) (33) . In single cases in which the researchers select the test analytes very carefully in order to avoid noncorrelation between V x and R 2 , the two descriptors may be present in the same regression equation. Otherwise, only one of the two descriptors is statistically significant.
The objective of this study was to test and further develop a method to characterize in an objective quantitative manner stationary phases for RP-HPLC. It has been assumed that such a method is provided by QSRR analysis with a carefully designed reference series of test analytes. In this study, we used V x , Σα 2 H , and Σβ 2 H descriptors that appeared significant in the reduced LSER equation accounting for retention differences within series I of the test analytes (Table I ). The previously proposed (21) reduced model of the LSER type is summarized by the following equation:
where log k w denotes the retention parameter corresponding to pure water as a hypothetical eluent and is obtained by linear extrapolation from several isocratic data and k 1 -k 4 denote regression coefficients in which physical meaning is similar to that of the corresponding coefficients of equation 1.
The following general QSRR equation employing structural parameters from the molecular modeling of a previously designed set of test analytes (series II, Table II ) was applied in this study:
where µ denotes the total dipole moment of an energy-optimized analyte molecule, δ min is the electron excess charge on the most negatively charged atom, and A WAS is the water-accessible van der Waals surface area of the molecule. The relationship between the chromatographic retention (21) formulated hypothesis that the approach allows for an objective evaluation of any new stationary phase as well as a rational interpretation of the molecular mechanism of chromatographic separation operating in a given mobile or stationary-phase HPLC system.
Experimental

Materials
The HPLC columns used in the study were as follows: an Aluspher RP-select B (119-× 4.00-mm i.d., particle diameter 5 µm) from E. Merck (Darmstadt, Germany), a Supelcosil LCHisep (150-× 4.6-mm i.d., particle diameter 5 µm) from Supelco (Bellefonte, PA), a Nova-Pak C18 (150-× 3.9-mm i. Test analytes were purchased from recognized reagent suppliers.
Chromatographic parameters
Analytes were chromatographed using a Merck-Hitachi (Wien, Austria) apparatus equipped with a thermostat, an integrator, and a variable-length UV detector. The temperature 38°C was chosen for the tests in order to provide the best reproducibility of the HPLC analyses (34). The eluent flow rate was 1.0 mL/min.
Retention coefficients were determined for five to eight compositions of the binary organic solvent-water mobile phase ranging from 95:5 to 5:95 (v/v). A signal of sodium nitrite was the dead-time marker. MeOH and ACN were the organic solvents employed, and both were diluted with water.
Linear relationships were found between log k and the volume percentage of the organic solvent in the eluent. Based on these linear relationships (in each case the correlation coefficient was > 0.99), the values of log k w corresponding to 100% water eluent were obtained by extrapolation. The data (the mean of three independent determination runs) are summarized in Tables IV and V.
Structural descriptors of analytes
The analytes and their corresponding structural descriptors are given in Table VI . The LSER parameters of Abraham for test analytes were taken from references 26 and 33 when available (Table VI) .
The test analytes (Table I ) of series I that appeared significant in QSRR equations were V x , Σα H , and Σβ.
The test analytes (Table II) of series II that appeared significant in QSRR equations were A WAS , µ, and δ min .
In Table VI , log P was given as recommended in specialist literature (35) including the test analytes of series III (Table III) .
Chemometric calculations
Multiple regression equations were derived employing a Statgraphics Plus-6.0 program (Manugistics, Rockville, MD) run on a personal computer. The results are collected in Tables  VII, VIII , and IX. In these tables, the regression coefficients (± standard deviations), multiple correlation coefficients, standard errors of estimate, and values of the F-test of significance are given. In order to exclude chance correlations, cross validation of the procedure was performed (36) .
Results and Discussion
Parameters log k w in Tables IV and V represent the retention of the total number of 27 analytes forming the test series I, II, and III on Aluspher, Hisep, Nova-Pak, Luna, Discovery Amide, Discovery Cyano, and Mix-Cholesterol-AP columns in MeOH-water (Table IV) and ACN-water (Table V) eluent systems. The analytes for the QSRR studies were as previously designed (21) not only to cover a wide range of values of individual structural descriptors, but also to provide well-shaped peaks and a good linearity (R ≥ 0.99) of the log k versus the percentage of organic modifier relationships. It has been demonstrated (21) on the basis of retrospective analysis that the test series I, II, and III of analytes yield three respective QSRR models that account quantitatively for the differences in the retention mechanism of three distinctive stationary phase materials: Inertsil ODS-3 (GL Sciences, Tokyo, Japan), Sym- An important question was whether the models derived previously were of general validity and would work on retention data determined a posteriori on diverse RP-HPLC columns of present analytical interest.
In QSRR studies, the log k w data are preferred instead of individual isocratic log k data. Log k w is a standardized retention parameter that is believed to be more reliable than any arbitrarily selected isocratic log k (1). Log k w is an intercept of the linear Snyder-Soczewinski relationship (37) between the isocratic log k values and the corresponding contents of the organic modifier in the eluent. Log k w appears to depend on the nature of the organic modifier. Thus, this parameter for a given analyte derived on a given column when using MeOH-water systems differs normally from the parameter derived on the same column when using ACN-water systems (38) . However, both log k w values of analytes are characteristic for a given column with respect to another one.
The multiple regression equations given in Table VII between an analyte and the bulky ligand of the stationary phase were stronger than the same nonspecific attractive interactions between the analyte and the small molecules (water, MeOH, and ACN) of the eluent. If one compares the magnitude of k 4 in equations 5-11 with that in equations 12-18, the stronger dispersivity of ACN (MW 41) than MeOH (MW 32) may account for the differences.
The rationalization is that the net positive input of V x to log k w is a result of a stronger attraction of an analyte by the ligand (and the adsorbed eluent components) than between the analyte and the bulk eluent. However, the dispersive attraction of the analyte by ACN as the eluent was stronger than by MeOH. Therefore, the retention-increasing effects of V x on the same column were more evident (larger k 4 ) in the MeOHwater systems than in the ACN-water systems (smaller k 4 ) (Table VII, equations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
According to the k 3 coefficient at Σβ 2 H in equations 5-18, the net effect on the retention of attractive interactions of a hydrogen-bond acceptor analyte with the nonpolar reversedphase ligand and the polar components of the eluent (which is an efficient hydrogen-bond donor) was naturally negative. This is documented by the negative sign at k 3 (Table VII) .
When k 3 values for different stationary phases and the same eluent system are compared, the phases can be ordered as follows. In MeOH-water systems: Luna ≥ Aluspher ≥ Nova-Pak > Discovery Amide ≥ Mix-Cholesterol-AP > Hisep > Discovery Cyano (Table VII, (Table VII, equations  12-18) . The magnitude of k 3 can reflect differences in hydrogenbond donor properties between MeOH and ACN. For a given stationary phase, k 3 tended to be less in the case of ACN-modified eluents as compared with the MeOH-modified ones (with the exception of Luna columns). However, the differences in k 3 were insignificant statistically.
The coefficient k 2 in QSRR equations 5-18 (Table VII) stayed within the hydrogen-bond acidity parameter. It was positive in the case of Hisep columns, and for other phases it was negative. Thus, on all columns except Hisep, the net effect on the retention of attractive interactions of a hydrogen-bond donor analyte with the stationary phase ligand and with the components of the eluent that were efficient hydrogen-bond acceptors was negative. A reverse situation was with the Hisep column. This observation can probably be explained by the unique properties of that column (39) . According to the producer, the Hisep column is "silica-based material covered with a thin polymer consisting of hydrophobic regions in a hydrophilic network" (40) . This hydrophilic network was evidently very polar and accessible to the small analytes tested.
The Hisep column had a relatively high specific polarity (as quantitated by k 3 and k 2 ) and a low nonspecific attractivity (as quantitated by k 4 ). The next most polar and least dispersive of the seven phases studied appeared to be the Discovery Cyano column. The Discovery Amide and Mix-Cholesterol-AP (aminopropyl-silica-bound) columns were of similar polarity, but dispersivity of the latter column was significantly larger. There were no big differences between the k 2 , k 3 , and k 4 parameters in the case of the Aluspher, Luna, and Nova-Pak columns. This would suggest a generally similar retention mechanism on these modern reversed-phases.
This discussion illustrates the actual potency of equations 5-18 in regards to the effects of stationary and mobile phases on the retention in reversed-phase HPLC. The series of test analytes (series I, Table I ) provided physically interpretable QSRR equations employing the most important LSER-based structural descriptors. The series of 18 test analytes of Table I had been designed observing the requirements of a statistically correct and physically meaningful QSRR analysis.
Apart from routine statistical requirements, additional quality measures had also been taken into consideration. One was that intercorrelations between the pairs of individual descriptors employed in equations 5-18 were less than R = 0.33. Also, the range and distribution of log k w values for test analytes were appropriate as evident in a representative figure presented for the sake of illustration (Figure 1) . In this figure, log k w data determined experimentally on the Discovery Cyano column with a series of ACN-water mobile phases were plotted against the corresponding quantities calculated by equation 17 from Table VII. A former QSRR analysis describing retention on three selected columns and employing calculation chemistry descriptors (21) resulted in series II of the test analytes (Table II) . The following structural parameters were found as the most significant for retention: A WAS , µ, and δ min (21, 41) (Table VI) . The QSRR equations (equations [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] for the columns studied here are collected in Table VIII .
The physical meaning of equations 19-32 was similar to that of equations 5-18. As expected, the net positive input to retention was because of the A WAS parameter (see coefficient k' 4 in Table VIII ). This parameter was evidently related to the ability of analytes to take part in London-type interactions. Obviously, these attractive dispersion interactions were stronger between an analyte and the bulky ligand of the stationary phase than between the same analyte and the small molecules of the eluent. Therefore, there was a positive sign at the k' 4 regression coefficient in equations 19-32.
The changes in the magnitude of the regression coefficient k' 4 at A WAS in equations 19-32 paralleled the changes in the coefficient k 4 at V x in the LSER-based equations 5-18. There was a high intercorrelation between the two coefficients (R = 0.99) for all the analytes listed in Table VI . Therefore, V x was practically interchangeable with the easily calculated A WAS .
In the case of MeOH-water systems, when considering coefficient k' 4 (Table VIII) , the phases studied are ordered as follows: Aluspher > Mix-Cholesterol-AP ≥ Nova-Pak > Discovery Amide ≥ Luna > Hisep > Discovery Cyano. This would indicate a ranking of the dispersion attractivity of the phases in general accordance with that emerging from the LSER-based QSRR equations of Table VII. The inputs to retention by the specific polar intermolecular interactions are reflected by the coefficients k' 2 and k' 3 in equations 19-32 in Table VIII . Coefficient k' 2 proved that the net effect to retention provided by µ is negative. It appeared reasonable because the dipole-dipole and the dipole-induced dipole attractions were obviously stronger between an analyte and the polar molecules of the eluent than between the same analyte and the nonpolar ligands (mainly hydrocarbons) of the stationary phase.
An analogous explanation is valid in regards to the coefficient k' 3 at δ min in equations 19-32. The positive sign at k' 3 is because the δ min values in Table VI are negative (they represent electron excess in the most-charged atom of the analyte molecule). The more charged the atom is, then the higher is the absolute value of the k' 3 δ min term and thus the less retained is the analyte. The coefficient k' 2 at µ in Table VIII differentiated the phases from each other well. It also clearly differentiated the MeOH-water from the ACN-water system. According to k' 2 , the most polar of the phases studied would be Hisep and Discovery Cyano. The Discovery Amide, Luna, and Mix-Cholesterol-AP stationary phases would be of lesser dipolarity. The least polar would be the Aluspher column followed by Nova-Pak. These observations agree with the conclusions drawn from QSRR equations based on the LSER model.
Equations 19-32 of Table VIII quantitatively differentiate stationary and mobile phases in regards to their effects on Table I retention. Series II of the test analytes (Table II) provided physically interpretable QSRR equations employing simple structural descriptors generated by computational chemistry.
In the third kind of QSRR analysis, the log k w data (Tables IV  and V) were linearly regressed against log P (Table VI) for series III of the test analytes (Table III) . Respective QSRR equations (equations 33-46) are presented in Table IX . Table IX shows that slopes (k'' 2 ) in equations relating log k w to log P were markedly larger in the case of log k w data determined with MeOH than with ACN as an eluent modifier, excepting the Discovery Cyano column (equations 38 and 45). This means that there was a stronger dependence of retention on analyte hydrophobicity (log P) in the case of MeOH-type eluents as compared with the ACN-modified eluents. For the Discovery Cyano column, slopes (k'' 2 ) determined in the two eluent systems did not differ significantly.
The k'' 2 values in the case of ACN-modified eluents (equations 40-46) were much less than unity. For the MeOH-modified eluents, the k'' 2 values were close to unity-closer in the case of the Aluspher column (k'' 2 = 0.9873), the Nova-Pak This observation is rational in view of the report by Knox and Ross (42) . According to these authors, k'' 2 or the gradient-d(logk)/d(log P)-reflects the degree to which the analyte is surrounded by the stationary phase. For a bonded stationary phase, this should be somewhat less than for liquid octanol so that the partitioning into the bonded phase is likely to be less with a bonded phase than with octanol, and the gradient is also less. Knox and Ross (42) have concluded that even with pure water eluent, the gradient for C18 silica phases is less than unity. According to this way of thinking, the more similar to octanol the stationary phase (solvated) is, the closer k'' 2 should be to 1. The MeOH-solvated C18 silica-phase Nova-Pak and the polybutadiene-encapsulated alumina-phase Aluspher were more similar to octanol than similarly solvated Luna, Mix- Table I  versus those calculated theoretically by equation 17 from Table VII .
Cholesterol-AP, and Discovery Amide phases. Hisep and Discovery Cyano phases were evidently dissimilar to n-octanol. This is proved by equations 33-39 in Table IX . Clearly, the effect on the partition by polar functional groups of ligands was very strong in the case of Discovery Cyano and Hisep stationary phases. The ACN-solvated stationary phases were less similar to octanol than the MeOH-solvated ones, thus k'' 2 values in equations 40-46 were significantly less than 1.
The differences in magnitude of the k'' 2 coefficients in equations 33-46 may be explained in view of the observations that organic modifiers differently solvate hydrocarbon-like stationary phases used in RP-HPLC (43, 44) . It is known that ACN adsorbs more strongly on such phases than low alcohols (45) . Because of this, the increase of eluting power of the eluent from the increasing content of ACN (at a fairly constant attraction by the solvated stationary phase) will be less pronounced than the analogous increase of the eluent strength accompanying the increasing MeOH concentrations. This is also why the log k w data in Table IV that were extrapolated from MeOH-water systems were larger than the respective data from the ACN-water systems collected in Table V .
Equations 33-46 (Table IX) discriminated well the stationary and mobile phases in regards to their effects on analyte retention. The proposed series III of test analytes provided precise QSRR equations with very small standard deviations of regression coefficients. Therefore, it proves to be a proper design of the model series of analytes.
Conclusion
It has been demonstrated that the test series of analytes previously proposed by us (21) are proper for QSRR comparisons of RP-HPLC stationary phases and shed light on the molecular mechanism of retention operating on individual phases. The statistical quality of fit was excellent in the correlating retention data on reversed-phase materials of diverse chemical structure. The present study proves that the QSRR analysis was able to distinguish individual modern analytical columns for RP-HPLC in regards to the prevailing molecular mechanism of retention. Observations on different retention properties of individual stationary phases were confirmed by the statistical significance of the specific structural descriptors present in the QSRR equations of three distinctive types. The described method applies to diverse stationary phases and can be recommended as an objective column testing method. At the same time, the QSRR equations once derived on a given column can be used to predict the retention of any analyte of the known structural descriptors and optimize the separations. The model employing structural parameters from molecular modeling (which may nowadays be readily obtained for any defined analyte) appears especially feasible.
